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TURBOJET ENGINE 

X - ENDURANCE EVALUATION OF SEVERAL TUBE-FILLED ROTOR BLADES 
By Jack B. Esgar and John L. Clin-e 


SUMMARY 

In an investigation to develop air-cooled gas turhine Blades made 
of noncritical materials that are tcapahle of sustained operation in tinr- 
hojet engines at minimum coolant-flov rates, several tube -filled rotor - 
Blade configurations were fabricated and tested in order to develop an 
lii 5 )roved type of Blade configuration. The improved type of Blade con- 
figuration was nontwisted and designed for use with twisted stator Blades. 
The Blade had a thinner profile and thinner Blade walls than any of the 
air-cooled Blades previously investigated. The Blade was formed from 
low-alloy steel tubing and the Blade shell was attanhed to the Base By 
Brazing. 

From the results of tests on the in 5 )roved type of Blade configura- 
tion and other similar configurations it was found that the attachment 
of an air-cooled txirbine -Blade shell to the Blade Base By means of Nicro- 
Brazing provided a sovtnd root structure if the clearance Between the 
shell and Base was less than 0.003 inch Before Brazing and if a fillet 
was provided at the junction of the shell and Base. For a formed-shell 
Blade, where the coolant passage extended far into the, leading- and 
trailing -edge regions, the leading- and trailing -edge temperatures could 
Be svibstantlally reduced Below the temperatures obtained from cast -shell 
Blades. At an engine speed of 10,000 rpm and a coolant -flow ratio of 
0.029, the reduction in trailing -edge ten^eratiore was about 200® F. 

Cyclic and constant -speed endurance tests at reduced coolant -flow rates 
showed that the noncritical Blades that were investigated were capable 
of operation for at least 25 hours at rated speed for a turbine -inlet 
tenperature of 1670® F and a cooleint-flow ratio of 0.03. One Blade was 
operated for over 55 ho-urs at coolant -flow ratios ranging from 0.048 to 
0.03 at rated-speed endurance 'conditions and was in reasonably good con- 
dition at the conpletion of the investigation. Blade life was found to 
Be limited By oxidation and erosion at the Blade leading edge even though 
a coating of nickel was applied to the Blades to provide oxidation resis- 
tance. Nickel coatings applied to the Blade By a chemical -deposition 
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process vere fomd to provide reasonable oxidation resistance except at 
the hlade leading edge iq) to approximately 25 hovirs of rated-speed endtir- 
ance. Improvements in the coatings are probably possible. Ceramic coat- 
ings that vere tested in this investigation vere found to be unsatisfac- 
tory for providing oxidation resistance for lov-alloy steel turbine blades 
becaxise of poor adherence between the coating and the blade shell. 

A stress -ratio factor that vas based on blade -teii 5 )erature, blade - 
stress, and stress -rupture data provided an in 5 )roved method of conparing 
and evalmting the cooling effectiveness of air-cooled turbine blades 
of different configurations and different materials. 


INTRODDCTION 

One of the objectives of the research on turbine -blade cooling is 
to produce blades made of noncritical materials capable of sustained^ 
operation in gas turbine engines at Tninimum coolant-flov rates. The 
blade-cooling effectiveness of a variety of air-cooled blade configura- 
tions vas investigated in a production tvirbojet engine that vas modi- 
fied to accommodate tvo air-cooled ttirbine blades (references 1 to 7). 
Endurance investigations of the more promising of these blade configu- 
rations are reported in reference 8 for the case where the ratio of 
coolant flow to gas flow per blade, hereinafter called coolant -flow 
ratio, was 0.05. 

With respect to the engine performance the minimization of the 
q.uantity of air tised for blade cooling is desirable. Additibnal 
research vas therefore req.uired both to in 5 )rove the cooiing effective- 
ness of air .pooled ttnrbine -rotor blades and to determine the durability 
of blades at decreased coolant -flow rates. In order to provide a sound 
basis for determining minimum allowable coolant -flow rates that will 
permit adequate blade life,, a relation between air-cooled turbine -blade 
temperatiire distribution, blade -material strength properties , and esti- 
mated blade life would be desirable. The fabrication of air-cooled 
turbine blades should be by methods that are as simple as possible con- 
sistent with good cooling performance in order to facilitate production. 
It was demonstrated in reference 8 that the provision of slots in the 
leading edges of blades to improve the cooling effectiveness in this 
area res\ilted in very poor blade durability. Means of providing high 
blade-cooling effectiveness while at the same, time providing a sound 
structure and maintaining simplicity in blade fabrication is therefore 
desirable . 

In order to obtain a method that could be used for predicting mini- 
mum allowable coolant -flow rates that woixLd provide adeqmte blade life 
anri to obtain d\3rable air-cooled blades that are relatively easy to 
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fabricate and yet have a hi^ cooling effectiveness, an Investigation 
vas condTJcted on tube -filled turbine blades at the MCA Lewis laboratory 
In order to develop and evaluate Inproved fabrication technlq,ues to 
provide a very preliminary basis for a method of analytically establish- 
ing a blade durability criterion. 

In this report are presented the results of tests that were con- 
ducted on air-cooled turblzie blades (l) to Investigate an Inproved shell - 
to-base attachment method, (2) to provide a preliminary Investigation on 
oxidation-resistant coatings on the blade shells, (3) to investigate the 
durability of blades under cyclic endurance conditions at reduced coolant - 
flow ratios, (4) to Investigate the durability of the Inproved type of 
turbine blade at coolant-flow ratios from 0-048 to 0-03, and (5) to deter- 
mine the bleide-tenperature distributions for an inproved type of tube- 
filled turbine-rotor blade. The Inproved type of air-cooled turbine 
blade was nontwisted and was designed for use with twisted stator blades. 
The blade profile and walls were thinner than any of the blades prevl- 
oxisly tested in references 1 to 8. These factors made the blade lighter, 
but also restilted in a blade with less resistance to gas bending forces. 

In order to provide high strength at the blade root, to provide a smooth 
coolant passage, and to sinplify construction the blade shell was 
extended thro\agh the blade base and a strong attachment provided by 
brazing. The inproved blades of the final design were coated with 
nickel to reduce oxidation. 

The constant -speed end\a*ance tests made during this investigation 
were conducted at rated engine speed at coolant -flow ratios from 0.03 to 
0-048. Cyclic -endurance tests that were conducted consisted of alternate 
periods of 15 minutes at rated speed with a coolant -flow ratio of 0.03 
and periods of 5 minutes at Idle. Heat -transfer tests on the Inproved 
type of turbine blade were conducted to determine the blade -cooling 
effectiveness at engine speeds from 6000 rpm to 11,500 rpm (rated speed) 
at coolant -flow ratios ranging from 0-023 to 0-094 at 6000 rpm and from 
0-019 to 0-052 at rated speed. 
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following symbols are used in this report: 

effective cooling-air tenperature at root of blade (“F) 

local blade tenperature (®F) 

effective gas tenperatvire (®F) 

cooling -air flow per blade (ib/sec) 
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g 


cp 


comb\istion-g6is flow per tlade (it/sec) 
teii 5 )eratvire -difference ratio, (Tg^e - T 3 )/(Tg^g - 


APPAEATDS, BLADE -FABRICATION PEOCEDI3RE, AND INSTRDMEnUTATION 

Engine 

The modified tvrrhojet engine i^sed ^ this investigation was similar 
to that described in detail in references 1 and 2 except for different 
configuratipns of air-cooled blades. Throughout the investigation 
standard twisted rotor blades were used adjacent to the air-cooled blade 
as well as at all other locations on the turbine rotor . The standard 
blades were installed next to the cooled blades because the durability 
of the standard blades was better than that of the uncooled, nontwist ed 
blades used in most previous investigations. Tests conducted using 
twisted blades next to the cooled blades are reported in references 7 
8. The results obtained showed that the effect on blade -temperature 
distribution was small. 

The instrumentation used on the engine was the satae as that dis- 
cussed in references 1 and 2 with the exception of the location and 
number of thermocouples on the cooled blade . 


Blade Descriptions and Fabrication Methods 

In .this investigation 14 air-cooled, tube -filled turbine blades 
were investigated in order to (l) develop an iniproved shell -to -base 
attachment method, (2) investigate oxidation-resistant coatings , and 
(3) evalixate the endurance life of blades at reduced coolant-flow rates. 
The blades iised in the investigation were of two different aerodynamic 
profiles. Those blades designated as having profile A were of the same 
profile as the fonned blades investigated in references 8 and 9. A 
photograph of blade profile A is shown in figure l(a) . The blades con- 
tained no twist and the profile was essentially the same as the root 
section of the conventional solid blades for the engine used in the 
investigation. The blades designated as having profile B were also 
nontwisted blades, but the. blades were designed to be used with twisted 
stator blades. The blade cross section was thinner than the blades 
reported in references 1 to 9. A photograph of blade profile B is 
shown in figure l(b) . A summary of the construction features of each 
of the 14 blades tised in this investigation is given in table I. 

Details of the construction of the blades are given in the following 
paragraphs . 
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Blades 1 and 2 . - The blade shells were formed from SAE 4130 steel 
tubing as described in reference 9. A taper vas first machined in the 
tube vail and blade profile A formed by contour pressing. The vail 
thickness of the blade shell tapered from 0.070 inch at the base to 
0.035 inch at the blade tip. The blade base vas precision cast of 
SAE 4130 steel. The blade shell vas extended through the hole in the 
blade base as illustrated for a typical blade in figure 2. The exten- 
sion of the blade shell throu^ the base provides a smooth uniform path 
for the cooling air and should ia 5 >rove the blade-cooling effectiveness 
because of better air distribution. The use of formed shells extends 
the coolant passage farther into the leading and trailing edges than is 
possible for a cast blade as can be seen by comparing figures l(a) and 
l(b) vith figure l(c) . On blades 1 and 2 the clearance betveen the shell 
and the base varied from 0 to 0.020 inch before brazing. It vas real- 
ized that such large clearances result in lov braze strengths, but it 
vas deemed necessary to determine if the strength of the braze vith a 
poor fit betveen the base and the shell voiiLd be si^ficient for \ise on 
turbine -rotor blades, vhere in some cases the easting tolerances of the 
base might result in clearances of the order of 0.020 inch. 

After insertion of the shell into the base, the blade shell vas 
packed vith tvelve 0.156-inch outside diameter by Q.015-ihch vail mild- 
steel tubes as shovn in figure l(a). Copper vire vas laced through the 
blade shell betveen adjacent tubes and a paste of Nicrobraze povder and 
Acryloid B-7 volatile plastic cement vas packed around the shell at the 
blade base. The assembled blade vas then inserted in a dry-hydrogen- 
atmosphere furance and the con 5 )onent parts of the blade, vere brazed 
together at a temperature of 2100® F. The blades vere heat-treated 
immediately on removal from the furnace by an isothermal quench in a 
1000“ ,F salt bath for 15 minutes and then air cooled. It vas found that 
even though excess brazing material vas placed aroimd the shell at the 
blade base, no fillet vas formed in this area during the brazing opera- 
tion. 

Finishing operations, such as cutting the blade to length and 
grinding the base serrations, vere the same as discussed in reference 9. 
The aerodynamic profile of the conpleted blade vas held vithin 10.006 
inch of the design value. 

Blades 3 and 4. - The fabrication method for blades 3 and 4 vas 
PRgpnt. in.n y the same as for blades 1 and 2, althoii^ the blade profile, 
vail thicknesses, and tube sizes vere different. The vail thickness 
of the blade shell tapered from 0.060 inch at the base to 0.020 inch 
at the blade tip, and the blade vas contoin* pressed into profile B, 
vhich is thinner than profile A. The clearance betveen the base and 
the portion of the shell that extended through the hole vas held, 
betveen 0 and 0.003 inch. Ten mild-steel tubes of 0.125-inch outside 
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diameter by 0.0125-inch vail thickness vere inserted in the coolant cav- 
ity. Brazing and. heat-treating of the blades were accomplished in the 
same manner as for blades 1 and 2. There vere no fillets at the Junc- 
tion of the blade shell and the base. 

Blade 5 . - The fabrication of blade 5 vas identical to blades 3 and 
4 except tiiat copper vas used for brazing the blade shell to the bane 
and a fillet vas provided at the Junction between the shell and the base 
(fig. 2.) by biiilding xq) this area with Eutectic 16 brazing alloy. Care 
was taken so that the blade did not become overheated Tdiile the Eutectic 
16 vas being applied in order that the blade heat -treatment would not be 
changed in the critical section of the blade that is, at about l/3 span. 
A fillet cast integrally with the base woxild be more satisfactory than 
the built-up fillet used for this blade with respect to fabrication and 
blade durability. The built -xq) fillets xised in this investigation were 
xised as a matter of ejqpediency. 

Blade_6. - Blade 6 was the same as blades- 1 and 2 except that a 
fillet was provided at the Jxonction of the shell and the base as 
explained for blade 5 and the clearance between the shell and the base 
was held to 0 to 0.003 inch before brazing. After fabrication, a coat- 
ing of nickel from 0.001 to 0.003 inch thick was applied to the blade 
by the deposition process described in reference 10. The nickel was 
deposited on the blades without the xise of an electric cxirrent by a 
chemical action at a ten^jeratxire of approximately 194® F. The nickel 
coating was to provide a resistance to oxidation on the low-alloy steel 
xxsed for the blade. 

Blade 7. - This blade was xised primarily to determine the durabil- 
ity of~8rceramic coatihg and not to investigate improved blade fabrica- 
tion techniques. The blade wan Integrally cast from SAE 4130 steel as 
described in reference 9 and the blade had profile A. The blade was 
coated with ceramic by a ceramic manxifactxirer in order to provide oxi- 
dation resistance . Some development was required by the manufactxirer 
in order to obtain a coating that coxild be applied satisfactorily to 
the SAE 4130 steel. The coating was similar to the National Bureau of 
Standards coating A-19. The coating thickness was about 0.003 to 0.005 
Inch. The blade va.B not heat-treated after coating for fear of ruining 
the coating. 

Blade 8. - The fabrication of this blade was similar to that for 
bl ade s 1 and 2 except the clearance space between the shell and the base 
was from 0 to O.DIO inch before brazing and a fillet was provided at 
the Jxmction of the blade base and the shell. This blade was coated 
with ceramic by a different manufactxirer than the one that coated 
blade 7. The coating thickness was approximately the same and this 
coating was also similar to National Bxireau of St andar ds coating A-19. 

No heat -treatment was given to the blade after coating. 
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Bladfis 9 to 11 « - These three blades were fabricated by the same 
method as the butt welded blades that were Investigated in reference 8 
and by a process described in reference 9. The blade shells were formed 
into profile A and the shell was butt welded onto a lip on the blade 
base after installation of the tubes in the shell, which extended throvigh 
the base. After the shell has welded to the base, the tubes were copper ■ 
brazed to the shell and base. The blades eontalned eleven or twelve 
0.156-inch outside diameter by 0.015-inch wall tubes. The number of 
tubes was dependent on the pack so that all tubes were wedged tightly 
into the coolant cavity. A smaller tube was sometimes used at some 
location in the tube pack so that the tubes wooild be wedged properly. 

The shell for blade 9 was made from Timken alloy 17-22A(S) steel (con- 
taining about 97 percent iron), and the shells for blades 10 and 11 were 
made from SAE 4130 steel (also containing about 97 percent iron) . The 
bases for all blades were made from cast SAE 4130 steel. Blade 11 was 
heat-treated by isothermal quenching during fabrication as described for 
blades 1 and 2. Blade 10 was not heat-treated for coB^arison pinposes. 
Blade 9 was heat-treated by Isothermal quenching shortly after the 
endurance investigation was started. The blades were coated with nickel 
as described for blade 6. 

Blades 12 tb 14 . - The fabrication of these blades was the same as 
for blades 3 and 4 except that a Eutectic 16 fillet was provided between 
the blade shell and the base. After fabrication a coating of nickel vs.b 
applied to the blades by the deposition process described for blade 6. 
Blades 12 and 13 were coated immediately after fabrication and were 
coated a second time in the middle of the endurance investigation. Blade 
14 was nickel coated after 21 hours of the endurance investigation were 
con 5 >leted. 

The quality of the braze between the tubes and the blade shell was 
checked on these blades by the following method: A temperature - 

indicating paint, Tempilaq, which melts at about 200° F was applied to 
the blade shell. Air at a ten 5 )erature of approximately 1000° F was 
passed through each individual tube while the outside of the blade was 
cooled by air blowing over it. In the areas where there was a good 
thermal bond between the tube and the shell, the Tempilaq melted and 
caiised a dark area (fig. 3). In the areas where there was a poor thermal 
bond between the tube and the shell, the paint was imaffected. In all 
blades tested there was poor bonding in some areas of the blade, particu- 
larly on the pressinre surface. More research is required in the brazing 
technique for this type of blade construction. 


Blade Instrumentation 

Seven chromel-alumel thermocoi;q)les were installed in blade 12 
(fig. 4) at the completion of the end\irance test. The thermocouples 
were installed as described in reference 1 except that grooves were 
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not cut In the "base of the blade for the thermocouple leads in order to 
keep from setting up excess stresses in this area. The leads were' run 
along the base of the blade and then held in place by Eutectic 16 brazing 
alloy. The thermocouple junctions were at approximately l/3 span, which 
is \iBually the critical section on gas-turbine rotor blades. Two solid 
blades were thermocotipled near the leading edge at the same radial loca- 
tion as the thermocouples on the cooled blade (fig. 4) , for measuring 
the effective gas ten 5 >erature in the same manner as described in refer- 
ences 1 to 8. The cooling -air tenperature was measured by a thermo- 
couple placed in the cooling -air-inlet passeige near the blade root. 

The locations of the theirmocouples relative to the areas of the 
blade where good thermal bond was obtained between the tubes and the 
shell is shown in figure 3. In the. areas where the thermocouples were 
located on the pressure surface of the blade, there was very poor ther- 
mal bond between the tubes and the shell. 


PROPOSED CRITERION FOR EVALUATING AIR-COOLED TURBINE BLADES 

In past practice the con^iarlson between the cooling effectiveness 
of various air-cooled blade configurations has been based on blade tem- 
peratures only. The significance of the effects of chordwise tempera- 
ture gradients been extremely difficult to evaluate .and the effect 
on the over -all stores s -carrying capacity has yet to be determined. The 
results of the endurance investigation, which was conducted at an arbi- 
trary coolant -flow ratio of 0.05 and is reported in reference 8, have 
indicated that the presence of chordwise temperature gradients can be 
tolerated in air-cooled turbine blades but the degree to which the 
gradients will affect the blade strength Is unknown. The acti^l 
stresses encountered in air-cooled turbine blades will vary according 
to the blade configuration and the fabrication method; the stress- 
carrying capacity of the blade will be a function of the design, the 
blade materieil, and the blade temperatures. It would be desirable, 
therefore, to determine a method of blade evaluation that will consider 
the combined effects of temperature gradients, blade material, and 
blade stress. As a first approach the blade evaluation method presented 
in the following paragraphs is proposed; 

Based on stress -rupture data, a given metal teuperatvcre determines 
the TtiaTfinnim allowable constant stress that the metal can withstand for 
a specified life. When stress-rupture curves and 'the tenperature dis- 
tribution obtained for a turbine blade either by experimental measxire- 
ments or by correlations of experimental meas\arements are used, the 
allowable stress at any chordwise position for a given life can be deter- 
mined. For the types of air-cooled blades that have been investigated, 
the allowable stresses are much higher in the midchord region of the 
blade than at the leading and trailing edges because the midchord region 
of the blade operates at a cooler temperature. 
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The acttial operating stresses In the turhine-rotor hlade axe dif- 
ficult to determine; however, for most designs the most significant 
stress is prohahly due to centrifugal loadii\g. For a blade that has a 
uniform taper at all locations on the blade, the blade -shell stress due 
to centrifugal loadi n g will be uniform around the blade periphery. Ther- 
mal stresses and gas bending stresses will cause the local combined 
stresses around the blade periphery to vary, but the average stress level 
over the blade cross-section at a given radial station will remain con- 
stant. In other words, the effect of thermal and gas bending stresses 
is to partly shift the tensile stresses due to centrifugal loading to 
different portions of the blade. If vibratory stresses are neglected 
and if the stress redistribution is coB5)lete, the stress -carrying capac- 
ity of the blade is a function of the centrifugal loads only. When the 
elastic limit is exceeded at some location on a blade made from a ductile 
material, plastic flow will occur and a portion of the load will be trans- 
ferred to a location of the blade that is still in the elastic range. 

If the sillowable stress levels at the leading and trailing edges of the 
tvirbine blade are less than the stress due to centrifugal loading, then 
a portion of the load at the leading and trailing edges can be trans- 
ferred by plastic flow to the cooler midchord region of the blade' where 
higher stress levels are permissible. At zero turbine speed, the resid- 
ual stresses carased by plastic flow in such a blade would cause the 
leading and -trailing edges of the blade to be in compression and the mid- 
chord to be in tension. 

Based on the assumption that loads in the vario\is portions of the 
blade can be transferred as explained, it would indicate that the blade 
could operate safely if the following conditions were obtained; namely, 
if the area under a plot of allowable stress level (based on blade tem- 
peratures and stress -rupttire data) against blade periphery was ecLual to 
or greater than the area under a plot of actvial centrifugal stress 
(assumed to be uniform around the blade periphery) against blade peri- 
phery. Safe operation of air-cooled turbine blades at conditions indi- 
cating that the leading and trailing edges were far over stressed indi- 
cates that stress redistribution actually does occvir in the blades. 

The stress redistribution from the overstressed leading and trail- 
ing edges probably will not be complete and vibratory stresses will have 
some effect on blade strength. In order to provide a criterion for safe 
operating conditions, a factor should be determined that will relate 
allowable stresses, based on temperature and stress -ruptiore data, with 
the major stresses actiially occurring in the tturbine blade shell. As a 
first approximation a stress ratio factor, defined as 


stress -ratio factor = 


area mder allowable stress curve' 

area under act-ual centrifugal stress curve. 


can be used for this pvirpose. 
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Systeisatlc endxira£ice investlgiatlons mist te conducted in order to 
determiiie the stress-ratio factor that vlll he necessary so that the 
hlade life vlll he eq.ual to the stress-ri 5 )ture life of the hlade mate- 
rial* When the reqtulred stress^atio factor has heen determined, a 
design procedure for estimating hlade life from tesperature and stress - 
n^)ture data vlll he avallahle. Of additional value Is the fact that 
hlade conflguaratlcaiB can he con^ared for a constant stress -ratio factor 
In order to evaluate more fully the combined effects of hlade stress, 
hlade -temperature distribution, and hlade material. Finally, the stress- 
ratio factor serves to conpare the coolant flows required for a given 
hlade configuration that might he fabricated from several different metal 
alloys . The stress-ratio factor is used herein to determine the relative 
quantities of coolant required for blades made of two different steel 
alloys and to show the approximate stress -ratio factor encountered in the 
constant endurance investigation of an Improved type of air-cooled gas- 
turhlne rotor blade, 


TEST PRPCSBDIIRE 

The primary purposes of this Investigation were to obtain informa- 
tion on air-cooled hlade durability at reduced cooling-air flow rates 
anfl to evalmte an improved hlewie design. Investigations were also con- 
ducted to evaluate the brazed shell-to-hase attachment method and to 
obtain information concerning the effectiveness of oxidation-resistant 
coatings that were available at that time. 


Shell -to -BMe Attachment Investigation 

The suitability of the brazed shell-to-hase attachment method for 
gas-t\irhine blades was investigated for a number of blades utilizing 
slightly different configurations at the hlade base. The first blades 
that were fabricated using this type of construction were blades 1 and 2. 
Constant -speed endurance tests at rated engine speed with an effective 
gas tenperature of 1450® F (approximately 1670® F turbine-inlet tempera- 
ture), with a cooling-air tenperature of approximately 180® F at the 
blade root, and with a coolant-flow ratio of 0.048 were conducted in 
order to determine the durability of this attachment method. The 
coolant-flow ratio was set at a nominal value of 0.05, but corrections 
for coolant leeikage resulted in the value of 0.048. 

Blades 3 and 4 were used for further investigation of the brazed 
shell-to-hase attachment method utilizing the improved type of blade 
design that had blade profile B. 

Constant -speed endurance tests similar to those described previously 
were conducted both to investigate the durability of the brazed joint and 
to determine if fillets were required at the junction of the blade shell 
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and "base. The endurance runs vere first ocaidncted at a coolant flow of 
0.048 and then reduced to 6.03 In order to determine the durability at 
ireduced coolant-flow rates. 

Constant -speed endurance tests were conducted on blade 5 at a 
coolant -flow ratio of 0.03 in order to determine the suitability of 
using copper Instead of Nicrobraze for brazing in attaching the s he ll 
to the base for blades haying profile A. 

In order to obtain further Information on the durability of the 
brazed structure on blades of profile A, -vdilch were heavier than blades 
with profile B, blade. 6 was endurance tested at cyclic conditions. The 
cyclic -endurance conditions consisted of alternate periods of 15 nHnuiPn 
at rated engine speed, with an effective gas tengperature of 1450® F, snd 
a coolant flow ratio of 0.03 with 5-minute periods at idleJ The blade 
was run at cyclic -endurance conditions rather than constant speed to 
expedite the Investigation becavise the blade was tested concurrently 
with other blades that were being cyclic-endurance tested. 


Oxidation-Resistant Coating Investigations 

The durability of ceramic and nickel coatings for the purpose of 
reducing or eliminating oxidation of the low-alloy steel-blade i a 
was investigated in both constant -speed and cyclic -endurance investi- 
gations. Ceramic-coated blade 7 was endurance tested at cyclic condi- 
tions for 20 cycles at a coolant-flow ratio of 0.048 in order to deter- 
mine the effect of heat shock on the coating, and then a constant -speed 
endurance test at a coolant -flow ratio of 0.048 was run until the coating 
failed. 

Ceramic -coated blade 8 was run at constant -speed endurance condi- 
tions at a coolant-flow ratio of 0.048 until the coating failed. A 
constant -speed endurance test was run because of less difficulty in con- 
diictlng a constant -speed test and because no effect of cycling was 
observed on blade 7. 

The durability of nickel coatings was deteimlned at the same time 
the stmictural durability of blades 6 and 9 to 14 was being obtained. 

The endxirance tests on these blades were cond\icted under a variety of 
conditions. Bleides 6 and 9 to 11 were cyclic -endtzrance tested at a 
coolant -flow ratio of 0.03. Blades 12 to 14 were endurance tested at 
constant speed over a range of coolant-flow ratios ft*om 0.048 to 0.03. 

The reasons for running part of the endurance tests to determine blade 
durability under cyclic conditions and part tinder constant-speed con- 
ditions will be discussed in the following sections. 
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Cyclic -Enditraiice Investigation on Blades vith Profile A 

In reference 8 the blades that were found to be the most durable in 
cyclic -endin^ce investigations at a coolant-flow ratio of 0.05 were 
blades that were fabricated from formed sheet -metal shells -and were 
attached to the blade base by butt welding. Under the conditions of the 
test, a Timken 17-22 A(s) bleide was capable of withstanding at least 200 
cycles (50 hr at rated-speed conditions) . A SAE 4130 blade fabricated 
by the same method failed because of oxidation after 154 cycles (38 i hr 
at rated speed conditions). 2 

The purpose of the cyclic -endurance investigation reported herein 
was to determine the reliability of blades similar to those investigated 
in reference 8 at reduced coolant -flow conditions . In an attengjt to 
reduce the possibilities of blade failure due to oxidation, the blades 
were coated with nickel. Because little or no previous esjperience had 
been obtained on this type of coating on gas-turbine blades, the endur- 
ance test on the blade structures at reduced coolant flow also consti- 
tuted a durability test on the nickel coatings. 

The endirrance tests were conducted on a turbine rotor with provi- 
sion for two air-cooled blades, A total of four blades were tested. 

One blade, the Timken 17-22A(S) blade (blade 9) , was in the rotor for 
the entire test. The SAE 41^ blades were installed in the following 
order: blades 10, 11, ^d 6. Each SAE 4130 blade was installed after 

the failirre of the previous one. 


Investigations on Improved Blade Configuration 

Constant -speed endurance Investigation . - The configuration of 
blades 12 to 14, which had blade profile B, required an endurance inves- . 
tigation in order to determine if this configuration, which had a thinner 
profile and thinner shell walls so that there would be less resistance 
to bending, would be satisfactory for operation in gas-txarbine engines. 
Previous endurance Investigations had been conducted at cyclic condi- 
tions, but in order to expedite the endurance investigations on this 
blade configuration a constant -speed endurance test was rim. for the 
following reasons; 

(1) There was no evidence from previous cyclic investigations that 
the cycling of the engine was a factor in any of the blade failures. 

(2) On the best blade designs of previous investigations the endur- 
ance life was limited by oxidation and not by blade structure, and the 
rate of oxidation was not expected to be any more affected by cyclic 
operation than by constant -speed operation. 
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(3) The enduraace tests could he conducted faster at constant speed 
because more time vas spent at rated-speed conditions and because the 
engine gave less operational trouble at constant -speed conditions. 

The endurance tests vere conducted over a range of coolant -flov 
ratios starting at 0.048 and gradually reduced to 0.03. The tests were 
started at a hi^ coolant -flow rate to insure that the blade would be 
satisfactory under conditions that might eiffect blade life that were 
not related to high blade -shell ten^peratures . The coolant -flow rate 
was then reduced in two steps in order to obtain endurance time at 
reduced coolant-flow rates. The blades in this investigation were 
coated with nickel in order to provide oxidation resistance and these 
blades served to obtain additional information on the durability of 
nickel coatings. 

Blade teng)erature and allowable stress distribution . - After com- 
pletion of the consteint -speed endurance investl^tion, blade 12 was 
Instrumented with seven theimocoiaples in order to obtain the actual 
tengjerature distribution during the endurance investigation and to pro- 
vide information on the stress-ratio factor obtained on these blades at 
rated-speed conditions. The heat -transfer tests were conducted at nomi- 
nal engine speeds of 6000, 8000, 10,000, and 11,500 rpm (rated speed) at 
coolant -flow ratios ranging from 0.023 to 0.094 at 6000 rpm and from 
0.019 to 0.052 at rated speed. Heat-transfer tests at rated speed were 
xvaa. for the tall pipe open and also for the tail -pipe nozzle svifficiently 
closed to raise the effective gas ten?)erature to 1450® F, which W8is the 
ten?>erature at. which the endurance investigations were conducted. These 
data were then used to obtain the ten^erature distributions around the 
blade, and from stress -rv?)ture data for SM 4130 and Timken 17-22A(S), 
the stress-ratio factors were determined for a series of coolant flows 
for blades of this configuration that would be made from either of the 
two materials. 

The heat-transfer date obtained from blade 12 are presorted as the 
ten5>erature -difference ratio 9p as was dxme in references 1 to 7, The 
effective gas tenperatirre used for calculating cp was the measured 
solid-blade temperature near the leading edge. Actually the solid-blade 
ten?)erature , or effective gas ten5)erature Tg^g, varied along the blade 

chord because of the variations in the local Mach number along the blade. 
This effect has been measured in turbojet engines and can be calculated 
using a local recovery factor of 0.89 as specified for gas-turbine 
blades in reference 11. This effect is indicated in some of the data 
plots presented herein, but because the variation is small and was not 
actually measured at the same time the cooled-blade ten^ieratures were 
measured, the variation in effective qslb temperature with blade chord 
was not Included in the calculation of qp. 
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EESUL1S AND DISCUSSION 

The results of this investigation are summarized in tables II to V, 
The details of the results are given in the following paragraphs. 


Shell -to -Base Attachment Investigation 

The resialts of the shell-to-base attachment investigation are sum- 
marized in table II, Blades 1 and 2, vhich had a poor fit (O to 
0,020 in. clearance before Nicrobrazing) between the base cavity and the 
blade shell,, were fomd to be very weak in the brazed section of the . 
blade. Blade 1 failed during the initial acceleration before reaching 
rated speed and blade 2 failed almost immediately after reaching rated 
speed. The calculated braze shear stress for these blades was 5500 
pounds per square inch at rated speed. This stress is not too high for 
a good brazed joint where the clearances are low before brazing. The 
failure of blades 1 and 2 was therefore attributed to the poor fit 
between the shell and base prior to brazing. 

Blades 3 and 4 had a satisfactpry fit between the blade shell and 
the base prior to Nicrobrazing (O to 0.003 in. clearance) and the shear 
stress was only 3500 pounds per square inch at rated speed because of 
lighter blade construction. The primary purpose of the endurance tests 
on these blades was to determine if a fillet was necessary at the junc- 
tion between the blade shell and the base. These blades were endurance 
tested in a modified turbojet engine at the rated engine speed of 
11,500 rpm, an effective gas ten?)erature of 1450° F (which corresponds 
to 1670° F turbine-inlet teit 5 )erature) , and a cooling -air ten 5 >erature of 
approximately 180° F at the blade root. After a total of only 3 hoinrs 
of endurance, 2 hours were at 4.8 percent coolant -flow ratio and 1 hour 
was at 3 percent coolant -flow ratio, the engine was shut down. for a 
periodic blade check and cracks were found to have developed at the root 
of each of the blades tested, as shown in figure 5. The cracks were on 
the suction surface of the blade and were presimiably vibratory failures. 
The short endurance life of these blades gave sufficient evidence that 
this type of blade constniction without fillets at the blade root was 
msatis factory . 

Blade 5 was investigated in order to determine if copper brazing 
would be satisfactory at the blade base. The clearance between shell 
and base prior to brazing ranged from 0 to 0.003 inch and a fillet at 
the junction of the shell and base was provided. Temperatures in 
the base were measured at coolant-flow ratios of '0.02 and 0.03, and 5 . 
hotirs of rated-speed endurance were coni)leted satisfactorily at a 
coolant-flow ratio of 0.03. The base ten^jeratinres of the cooled blade 
varied from about 650° to 690° F for both coolant-flow ratios. This 
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5-hovir endurance test vas considered sufficient for determining whether 
the yield strength of the copper braze would be satisfactory at the tem- 
peratures that would be encountered in engine operation of air-cooled 
blades of this type. Further investigations on several varieties of 
copper -brazed blades will probably be required before it can be deter- 
mined if this method of attaching the shell to the base is con^letely 
satisfactory. The shear stress on the brazed joint of the blade tested 
was 3500 pounds per square inch at rated engine speed. 

Data from the investigation of blade 6 provided information on the 
strength of the brazed shell-to-base structure for a blade that had a 
satisfactory clearance between the shell and base prior to Nicrobrazing 
(O to 0.003 in.) and had a braze shear stress of 5500 potinds per square 
inch at rated speed. A fillet was provided at the junction of the blade 
shell and the base. This blade was operated at cyclic-endurance condi- 
tions consisting of alternate periods of 15 minutes at rated speed with 
an effective gas temperature of 1450° F and a coolant-flow ratio of 0.03 
and periods of 5 minutes at idle. The shell-to-base attachment method was 
found to be satisfactory for at least 46 cycles of the endurance test 

^lli hr at rated-speed conditions^ . The test on this blade was stopped 

arbitrarily by failure of another blade in the tvirbine rotor being used 
for a test on blade durability. 

Subsequent tests for determining the durability of blades 11 to 14 
showed no evidence of weaJmess in the brazed root structure. The results 
of all the investigations for determining the suitability of a brazed 
structure for attaching the shell to the base have indicated, therefore, 
that the Nicrobrazed shell-to-base attachment is satisfactory for shear 
stresses up to 5500 pounds per sqiiare inch as long as the clearance 
between the blade and the shell is held to less than 0.003 inch before 
brazing. For the type of air-cooled ttcrbine blades tested a fillet is 
required at the junction of the blade shell and the base. Tests of a 
blade where copper braze was used for attaching the shell to. the base . 
was apparently satisfactory for shear stresses up to 3500 poun(^ per 
square inch; however, additional experience should be gained before def- 
inite conclusions can be drawn concerning the durability and upper 
operating-ten^jerature limit for copper -brazed shell-to-base attachment. 


Oxidation-Resistant Coating Investigations 

Two types of coatings, ceramic and nickel, were investigated in 
order to determine the durability under engine -operating conditions. The 
restilts obtained are svamnarized as follows : 

Ceramic coatings . - As discussed under the section of blade descrip- 
tions , the >ceramic coatings that were investigated were applied to the 
blades by two different manufacturers and both the con?)osition and exact 
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method of application were not disclosed by manufacturer. Neither of the 
two coatings investigated was satisfactory. Cerajnic -coated blade 7 com- 
pleted a total of 20 cycles of the cyclic -endurance test plus 2^ hours of 

1 ^ 

constant-speed endurance for a total of 7— hours of endurance at rated 

speed at a coolant-flow ratio of 0.048. At the end of that time the coat- 
ing was blistered and chipped, particularly at the leading edge, 

(fig. 6(a)). Ceramic -coated blade 8 was run at constant speed at 

3 

11,500 rpm at a coolant-flow ratio of 0.048 for 4^ hours when inspection 

of the blade showed that the coating material had flowed off at the 
leading and trailing edges (fig. 6(b)). 

Although the ceramic coatings that have been investigated have been 
unsatisfactory, these results are preliminary and fiirther research may 
yield satisfactory coatings. 

Nickel qoating . - Birring most of the endurance investigations on 
blades 6 and 9 to 13 in order to determine blade durability at reduced 
coolant-flow rates, nickel coatings were applied to the blades to, reduce 
blade oxidation. The results obtained from the nickel -coated blades are 
summarized in tables III and IV. These results are only preliminary and 
probably Indicate poorer coating p^formance than can be obtained after 
more experience is gained in the application of the nickel coating. The 
coatings for this investigation were applied on a laboratory scaJ.e and 
do not necessarily represent the quality that could be obtained by more 
refined methods. 

During the cyclic -endiuance investigation of blades that were nickel 
coated (see table III), the nickel coating came off the leading and 
trailing edges in about 11 to 15 hours of running at rated speed. At 
the leading edge erosion apparently played a strong part in removal of 
the coating, but in addition the temperature level of the blade metal 
seemed to be a determining factor because the coating also blistered and 
wore off of the trailing edge of the blade. In the midchord region of 
the blade, which may be about 300° F cooler than the leading and trail- 
ing edges, the coating durability was satisfactory in the tests con- 
ducted. The ultimate failure of blade 9 was probably primarily due to 
oxidation at the leading edge. This oxidation was a resiilt of the 
nickel coating wearing away in that region. Even though the coating 
apparently failed at the trailing edges of the blades investigated, oxi- 
dation in this region was minor and did not constitute an immediate lim- 
itation on blade life. 

At the beginning of the constant -speed endurance investigation (see - 
table rv) both of the endurance blades 12 and 13 were coated with nickel. 
At the end of 4 hours of endurance at 11,500 rpm and an effective gas 
temperature of 1450° F blade 13 had to be removed because of faulty 
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brazing between the tubes and the shell on the pressure surface of the 
blade, consequently an evaluation of the coating d\n:ability on this blade 
vas impossible. Blade 14, which was used to replace blade 13, was not 
coated. After conpleting approximately 25 hours of endurance on the 
coated blade and 21 hours on the uncoated blade, both blades were removed 
from the turbine wheel for zyglo Inspection. At that time the nickel 
had started to wear away from the leading edge and near the tip of the 
blade on the pressinre surface of blade 12. Blade 14, which was not 
coated, was oxidized qiiite badly particularly at the leading edge. It 
was necessary to clean the blades thoroughly for the zyglo linspect'ion. 
This cleaning by vapor blast removed the nickel coating. Both blades 
were then nickel coated and the endurance test was continued. After 
approximately 10 hours of the endurance test on the new coatings, blis- 
ters began to appear imder the coating with some scaling present. These 
second coatings apparently were not as durable as the first coating on 
blade 12. The deterioration of the coatings continued until at the com- 
pletion of the endiirance test all the coating was gone from the blade . 
leading edges 'and part of the coating was missing from other portions of 
the blades. Some of the areas where the coating failed are shown in 
figures 7 and 8. 

From the endurance investigation on nickel coatings, which were 
applied by the process described in reference 10, it appears that if 
prcper care and control are exercised in the application of nickel to 
noncritical turbine blades, the coating will probably provide reasonable 
protection from oxidation for periods of at least 25 hours for all loca- 
tions on the blade except at the leading edge. A harder, and possibly 
thicker, material will be req\iired at the leading edge to prevent a com- 
bination of erosion and oxidation. . A coating of Nicrobraze, which wo\ild 
be applied at the same time that component parts of the air-cooled blade 
are being brazed together in the fiarnace, or hard chrome probably could 
be applied to the blade leading edge for resisting erosion and then the 
rest of the blade could be nickel coated. 

Other coatings also offer possibilities for use on gas-turbine 
blades although as yet very little or no operating experience has been 
gained. Two methods that appear promising are aluminizing of low-alloy 
steels and using nickel or stainless -steel clad low-alloy steel. At the 
present time the use of a metal coating is apparently superior to a 
ceramic coating as a means of providing suitable oxidation resistance 
for steel turbine blades . 


Cyclic -End\n*ance Investigation on Blades with Profile A 

Cyclic -endurance tests were conducted on both SAG 4130 steel blades 
and Timken 17-22A(S) blades at a coolant-flow ratio of 0.03. The results 
of, the tests are summarized in table III. The cyclic -endurance tests 
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vere the same type as those reported in reference 8 except that the 
coolaat flow was reduced. 


The results obtained from this investigation are as follows: 


SAB 4150 blade 10 without heat -treatment . - After only two cycles 
the SAE 4l30 blade 10 without heat -treatment elongated until it rubbed 
on the tail-cone casing. The rubbing caused the blade to bend and the 
test was terminated. 


Heat-treated SAE 4150 blades 11 and 6. - SAE 4150 blade 11 heat- 
treated by 1000° F isothermal quench from 2100° F completed 59 cycles 


(l4j hr at rated speedj 


when the cooling air was inadvertently cut off 


so that the blade failed. Up until the time that the air was cut off 
the blade was in excellent condition with no signs of elongation. 

SAE 4150 blade 6^ which was also heat-treated by 1000° F isothermal quench 
from 2100° F was installed and run until the con 5 )letion of the endur- 


ance test, which amounted to another 46 cycles ^11^ hr at rated speedj . 
At the end of the test this blade was still in excellent condition. 


Timken alloy 17-22A(S) blade 9. - The Timken 17-22A(S) blade 9 was 
operated for two. cycles without being heat-treated with no sign of elon- 
gation, but after the nonheat -treated SAE 4150 blade 10 elongated the 
17-2 HA(s) blade was heat-treated. The blade then conpleted a total of 

107 cycles hr at rated speed^ of which 5 cycles were run at a 

turbine -inlet ten5>erature of approximately 1800* F, because of malfunc- 
tioning instnimentation j and the blade also withstood a few minutes of 
running with little or no cooling air at the same time the SAE 4130 
blade 11 failed because of the air being cut off. The hi^-ten?>erature 
running and the rxmning with no cooling air apparently did not harm the 
blade. The blade probably was not con?)letely uncooled at the time of 
the cooling-air failure. Cool air was still being supplied at the hub 
of the rotor and impublished results obtained on other blades have indi- 
cated that enou^ air will be puii 5 )ed throu^ the cooling -air tubes on 
the turbine rotor by the tiirbine rotation to provide some cooling. This 
small amo\ait of cooling evidently was sufficient to permit the blade to 
operate safely for the short period of time that it was run with the . 
normal sxqjply of cooling air cut off. It was not sufficient, however, 
to permit safe operation of blade 11, which was made of SAE 4130 steel. 
After 107 cycles the outer third of the pressure surface of blade 9 
failed (fig. 9). This failure apparently was due to severe oxidation 
at the leading edge and a poor bond between the blsule shell and the 
ttibes in the coolant cavity. After failure at the leading edge due to 
oxidation, the shell apparently started vibrating and eventually a 
large portion of the shell broke off. 
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From the resiilts of this cyclic test it caa he concluded that (l) 
oxidation of noncritical blades is a serious problem and probably pro- 
vides a limitation on blade life at the present timej (2) Timken 
17-22A(S) steel is far superior to SAG 4130 steel for noncritical tur- 
bine blades as evidenced by the lack of elongation in the nonheat - 
treated state whereas the nonheat -treated SAE 4130 blade elongated, by 
the fact that there was no damage when the cooling air failed 
resulted in the failure of SAE 4130 blade 11, and by previously pub- 
lished results in reference 8 which also showed superior performance of 
blades made of Timken 17-22A(S) steelj and (3) although inconclusive, 
formed tube -filled blades apparently can operate satisfactorily at rated, 
speed and a coolant-flow ratio of 0 ,03 for a cooling -air temperature of 
180® F if a means can be provided for eliminating oxidation. 


Investigations on luproved Blade Configuration 

Constant -speed endurance investigation . - After the completion of 
preliminary investigations to determine the durability of a brazed 
shell -to-base structure on improved type of gas-turbine blades having 
profile B, constant-speed endurance tests were conducted in order to 
determine the d\arability of this type of blade using blades 12 to 14. 

A sTJinmary of the results of the constant-speed endurance investiga- 
tion is given in table IV. 

At the beginning of the endurance investigation the blades were 
3 Tun for 3 hours at a coolant -flow ratio of 0-048 to determine whether 
cracks wotild appear at the root as was the case with the unfilleted 
blades. No cracks were evident; therefore, an additional hour was run 
at a coolant-flow ratio of 0.03 in order to duplicate the running at low 
coolant -flow ratio on the unfilleted blades. The blade structure at the 
blade root was still satisfactory after the additional running at low 
coolant-flow ratio. At this time one of the two blades installed 
(blade 13) was fovmd to have the tubes in the coolant passage separated 
from the blade shell on the pressure sirrface of the blade. The brazing 
was poor at the beg inni ng of the test and deteriorated rapidly with rm- 
ning. Blade 13 was therefore replaced by another blade, blade 14. 

Endiirance testing at rated-speed conditions was continued on the 
blades at a coolant-flow ratio of 0-048 until 24 houi^s were completed on 
blade 12 plus 1 hour at a coolant -flow ratio of 0.03 (21 hr total on 
blade 14). This portion of the test was run at a high coolant -flow 
ratio In order to determine whether vibratory stresses woiold provide a 
limitation in the blade life for blades having a thin profile and a thin 
blade shell. After vibratory stresses appeared not to be serious in this 
type of blade construction, the coolant -flow ratio was reduced to 0-038 
for 5 hovirs to provide a gradual reduction in the flow rate. The coolant- 
flow ratio was then reduced to 0.03 for the remainder of the test. After 
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2ei hours at a coolant -flov ratio of 0.03 and a total of 55^ hoxirs at 
4 4 

i^ted speed on hlade 12 ^2^ hr at 0.03 and 5li hr total on blade 14j a 

portion of the suction sinrface of blade 14 broke away near the blade tip 
an shown in figure 7. As discussed previously, blade 14 was not pro- 
tected from oxidation by the' nickel coating for the first 21 hours of 
the endurance investigationj therefore, rather severe oxidation and 
erosion at the leading edge occurred. In the area of the failure, the 
leading edge had oxidized until the metal thickness was almost zero and, 
in addition, in the same area there was no mechanical bond between the 
shell and the tubes in the coolant passage because of poor brazing. 

The piece of the blade broke off because of vibration. The endvirance 
program was terminated at this point in order -to instrument the remain- 
ing endurance blade (blade 12) and to determine the blade tenperatures 
and stress -ratio factors that were encountered on this blade during 
the endurance investigation. Blade 12 was still in relatively good 
condition except for some oxidation at the leading edge of the blade 
(fig. 8). The dents that are evident near the blade tip on the suction 
surface and directly at the tip of the blade were the resiilt of one of 
the standard \mcooled-blade failures during the endtirance test. 

The results of the constant -speed endurance tests on blades 12 to 
14 and the cyclic -endurance tests on blades 6 and 9 to 11 indicate that 
for properly heat-treated low-alloy steel blades no difficulty -was 
encountered in the structural strengths of formed tube -filled blades 
•with shells brazed into cast -steel bases for coolant -flow ratios as low 
as 0.03 and a cooling -air ten5)erature of 180® F. In these tests, blade 
life -was limited by oxidation and erosion, p^ticularly at the blade 
leading edges. This oxidation has lead to vibratory failures in the 
shell near the blade tip in two cases. These results further indicated 
the necessity for additional research on methods of increasing oxidation 
resistance . 

temperattire and allowable s tress distribution . - At the com- 
pletion of the constant-speed endurance tests on the improved type of 

blades, blade 12, which had successfully completed 55^ hours at rated 

speed, -was instrumented with seven thermocouples in order to obtain 
blade -temperature data and to determine stress-ratio factors for the 
same blade that had been used in the endurance investigation. The 
blade -tenperature data obtained, presented as the temperature -difference 
ratio cp , are given in table V for various engine speeds from 6000 to 
11,500 rpm. 

The temperat-ure distributions of formed blade 12, utilizing a 
brazed shell -to-base type of construction, and the original cast tube- 
filled blade (reference l) are sho"wn in figure 10 for a coolant -flow 
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ratio of 0.029. The gas flow through the engine was 60.6 pounds per 
second. This flow was obtained at an engine speed of approximately 
10,000 rpm. In the tests that were conducted on the cast lO-tiibe blade 
of reference 1, there was some cooling-air leakage so that less air was 
acttially going throu^ the blade than was indicated by the data. For 
the comparison of temperat\ire distributions in figure 10 the coolant 
flow was collected to account for the leakage. The formed-blade tem- 
perature distribution indicates a reduction in leading- and trailing- 
edge temperatures relative to the leading- and trailing-edge tempera- 
tures of the cast blade. The largest reduction occTxrred at the trailing 
edge where the formed-bleide temperature was more than 200° F below that 
of the cast blade for equivalent engine conditions. The tenq)eratures 
in the midchord region of the formed blade were slightly hi^er than 
the tenq>eratures for the cast blade. This increased temperature may be 
due to the increased cooling at the leading and trailing edges or may 
be due to poor brazing between the tubes and the blade shell, or pos- 
sibly a ccmoiblnation of both. 

By noting the location of thermocouples bn the blade relative to 
the areas on the bleuie where good thermal bonds were obtained between 
the tubes and the shell (fig. 3) it can be seen that thermocouple 3 at 
the 50-percent chord position on the suction surface and both thermo- 
couples on the pressure surface of the blade are not in areas having a 
good thermal bond; the blade-shell temperatures wo\ild therefore be hi^. 
After developing better brazing techniques for the fabrication of tube- 
filled blades, the blades would be e:q)ected to cool more effectively on 
both the suction and pressure stirfaces. Even with good brazing there 
-would probably be small temperature gradients in the blade shell between 
adjacent tubes j however, these small gradients shoiild have no signifi- 
cant effect on blade strength. 

The solid-blade temperature, or effective gas temperature 

varies along the blade chord as shown in figure 10 because of the var- 
iations in the local Mach number along the blade as discussed in the 
TEST PROCEDUEE section. 

The blade temperatiu'es at rated engine speed for coolant-flow ratios 
of 0.02, 0.03, and 0.05 are shown in figure 11. These curves were 
obtained from cross plots of temperature data shown in table V. The 
fact that it was possible to run a blade containing seven thermocouples 
at these engine conditions and at a coolant-flow ratio as low as 0.02 is 
a good indication of the high blade-cooling effectiveness. 

In figure 12 are shown lOO-hottr stress-rupt-ure curves for SAE 4130 
anfl Timken 17-22A(S) low- all oy steels. The Timken 17-22A(S) cxoiye was 
obtained from unpublished data for samples that were normilized at 1725° 
drawn for 6 hours at 1200° F and then air cooled. The portion of 
the SAE 4130 curve represented by the solid line with the three data 
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points indicated by squares was estimated from data obtained from 
Timken DM-2 alloy, which has a similar composition. No data were 
available on SAE 4130 and so this estimated curve represents the best 
knowledge that was currently available. However, a single check point 
that was obtained from a 100 -hour life test at a temperature of 1000® F 
indicated that the data are probably in the right range. The check 
point was obtained for SAE 4130 steel that was heat-treated in exactly 
the same manner as the air-cooled blades that were tested. The dashed 
extension to the SAE 4130 curve was drawn arbitrarily to an estimated 
yield-strength point based on limited unpublished data. For ten^jera- 
tin:*es below 900® F the yield point is the limiting strength criterion 
rather than stress rupture for low-alloy steels. 

The allowable stress -distribution curves for blade 12 operating at 
an effective gas ten 5 )erature of 1450® F and rated engine speed with a 
cooling -air ten 5 )erature of 180® F are shown in figure 13 for coolant - 
flow ratios of 0.02, 0.03, and 0.05. Figure 13 was obtained from the 
tenperature distributions in figiire 11 and the SAE 4130 stress -rupture 
curve in figure 12. When the ratio of the area under the aJLlowable 
stress curve to the area under the nominal centrifugal stress curve is 
taken, stress-ratio factors of 1.29, 2.16, and 2.37 result for coolant- 
flow ratios of 0.02, 0.03, and 0.05, respectively. These stress-ratio 
factors were obtained for one of the blades that was endurance tested. 
Based on the SAE 4130 stress-rupture ciirve (fig. 12) the tube-filled 
rotor blades of the type investigated are capable of safe operation at 
stress-ratio factors* of 2.16 or less. The mi niTrmTn stress-ratio factor 
will have to be determined by further e3q>erimentatlonj however, an 
indication of the safety of lower stress ratio factors can be obtained 
from the fact that blade 12 was able to operate at a coolant-flow 
ratio of 0.02, which resulted in a stress-ratio factor of 1.29 even 
though seven thermocouples were bxrried in the blade shell. 

The stress-ratio factor also provides a better comparison of blades 
that may operate at different stress levels because of variations in the 
blade configuration than jxist a coni)arison of blade temperatures. Such 
a coii 5 )arison between the cast and formed 10- tube blades, which are com- 
pared on a temperature basis in figure 10, was not possible because the 
cast blade was never operated at rated speed. At a speed of 10,000 rpm 
where the temperature comparison was necessary, the blade -temperature 
level was so low that variations in blade -temperature level were of 
little or no significance. When the blade temperatures are in the range 
from 900® to 1200® F, however, variations in temperature level have a 
very marked effect on the strength of noncritical metals used for cooled 
tTxrbine -blade fabrication. 

The effect of blade material on coolant-flow requirements can be 
illustrated very effectively by the use of the stress -ratio factor. In 
figure 14 the blade -temperature distributions that could be expected for 
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the improved type of formed blade (blade 12) for the case vhere the cool 
ing air vas bled from the con 5 >ressor are shown. This curve was obtained 
from the data in table V using a cooling-air temperature of 450° F. 

From figure 14 and the stress -rupture curves in figure 12 the stress- 
ratio factors for blades made of Timken alloy 17-22 A(s) and SAE 4130 
can be obtained as explained in the section PROPOSED CRITERION FOR 
EVALUATING AIR-COOLED TURBINE BLADES in order to obtain a plot of 
stress -ratio factor against coolant-flow ratio as shown in figure 15. 

The great reduction in coolant flow required for the Timken 17-22A(S) 
steel blade is obvious. For a stress-ratio factor of 2.0, the quan- 
tity of cooling air required for the Timken 17-22A(S) blade is about 
55 percent of that required for the SAE 4130 blade. The difference 
in critical alloy content in the two metals is insignificant. Fig- 
ure 15 illustrates the very great gains that can be obtained by use 
of proper selection of blade materials and, in addition, sheds addi- 
tional li^t on the superior performance of Timken 17-22A(S) blade 9 
over SAE 4130 blades 10 and 11 in the cyclic -endurance investigation. 


SUMMARY OF RE^TS 

The results of the investigation on several tube-filled turbine- 
rotor blades are simanarized as follows: 

1. Attachment of air-cooled turbine blade shells to the base by 
means of Nicrobrazing provided a somd root struct\u:e if the clearance 
between shell and base before brazing was less than 0.003 inch and if a 
fillet was provided at the Junction between the shell and base. 

2. Ceramic coatings that were tested in this investigation were 
found to be unsatisfactory for providing oxidation resistance to low- 
alloy-steel turbine blades because of poor adherence between the coating 
and the blade shell. 

3. Nickel coatings applied to low-alloy-steel turbine blades by a 
chemical -I'depos it ion process provided reasonable oxidation resistance up 
to about 25 hoiirs of rated-speed endurance except at the blade leading 
edge where the coatings wore away rapidly. Improvements in the coatings 
probably are possible. 

4. Cyclic -endurance tests of air-cooled turbine blades at a coolant - 
flow ratio of 0.03 indicated that at the present time oxidation of non- 
critical blades is a serious problem and probably provides a limitation, 
on blade life. The tests also indicated that Timken 17-22 a(s) steel was 
far s\ 5 >erior to SAE 4130 steel for noncritical turbine blades. 
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5. Rotor blades having a thinner blade profile and thinner vails 
than those previously investigated had a satisfactory endurance life with 
respect to structure. From the limited endurance tests made, the blades 
were apparently capable of operating satisfactorily at coolant-flow 
ratios of 0,03 for at least 26 hours at rated engine speed a txnrbine- 
inlet gas tenperature of 1670® F. The total endurance time at rated speed 

on one blade was 55^ hours and the blade was still in relatively good 
condition at the completion of the test. 

6. At an engine speed of 10,000 rpm and a coolant -flow ratio of 

0.029 for a formed-shell blade where the coolant passage extended far 
into the leading- and trailing-edge regions, the leading- and trailing- 
e^e temperatures were substantially reduced below the temperatures 
obtained from cast -shell blades. The reduction in trailing-edge tem- 
perat-ure was about 200® F, 

7. The stress -ratio factor provides an improved method of comparing 
and evaluating the cooling effectiveness of air-cooled turbine blades of 
different configurations and different materials. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio 
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TABLE I - AIR-COOLEX) TURBINE-ROTOR BLADE CONFIGURATIONS INVESTIGATED 
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0 





Hade shells were formed from seamless steel tubing unless noted otherwise. 
Ixcept where noted all blades had fillets at Junction of shell and base. 
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TABLE II - SUMMARY OF RESULTS FROM SHELL-TO-BASE ATTACHMENT 


INVESTIGATIONS "'^:5iACA 


Blade 

Total time at 11,500 rpm 
and effective gas 
ten5>erature of 1450° F 

Remarks 

Coolant -flow ratio 

0.048 

0.03 

(hr) 

(min) 

(hr) 

(min) 

1,2 





Blade 1 failed on initial acceleration 
before reaching rated speed and blade 2 
failed almost immediately after reaching 
rated speed. Failure was caused by large 
clearance between shell and base before 
brazing. No endurance time was counted. 
Braze shear stress^ 5500 Ib/sq in. 

3,4 

2 

0 

1 

0 

After 3 hr of constant -speed endurance 
cracks developed at root of each blade 
on suction surface as shown in fig. 5. 
Failures caused by lack of fillet at 
j-unction of shell and base. Braze shear 
stress^ 3500 Ib/sq in. 

5 



5 

0 

Temperatures were measTired in area of 
copper braze used to attach shell to .base 
at coolant-flow ratios of 0.02 and 0.03. 
Copper braze in satisfactory condition at 
conpletion of 5 hr constant -speed 
endurance test. Braze shear stress, 

3500 lb/ sq in. 




11 

30 

Cyclic -endurance test. After 46 cycles 
blade was still in excellent condition. 
Nicrobrazed base with a clearance of 0 
to 0.003 in. before brazing was found to 
be satisfactory. Braze shear stress, 
5500 lb/ sq in. 
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TABLE III - SUMMARY OF CYCLIC -EKDURANCE INVESTIGATION ON 
BLADES Wrm PROFILE A AT COOLANT -FLOW RATIO OF 0.03 


Blade 

(a) 

Number 

of 

cycles 

Total time at 
rated speed 

Remarks 


(hr) 

(min) 


9, 10 

2 


30 

Blade 10 was not heat-treated; blade elongated 
and was damaged by rubbing on tail cone. 

Blade 10 was replaced by blade 11. Blade 9 
not- heat-treated but there was no indication 
of elongation. Blade 9 was removed from 
engine, heat-treated, and reinstalled. 

9 

61 

15 

15 

Cooling air Inadvertently cut off. Blade 11 

11 

59 

14 

45 

(SAE 4130 steel) failed at about l/3 span. 
Blade 11 replaced by blade 6. Blade 9 
(Timken 17-22A(S) steel) apparently unharmed 
by cooling -air failure. Nickel coating was 
wearing away from leading and trailing edges 
of blade 9. 

9 

76 

19 

0 

Nickel coating gone from leading and 

6 

15 

3 

■ 45 

trailing edges of blade 9. Oxide scale was 
forming in these areas. Coating on blade 6 
was in good condition. 

9 

88 

22 

0 

Failure of a solid blade caused slight 

6 

27 

6 

45 

damage to tip of blade 9. Damage repaired 
by grinding away a small amomt of metal. 

9 

107 

26 

45 

Outer third of pressure surface failed on 

6 

46 

11 

30 

• 

blade 9 (fig. 7) because of oxidation and 
erosion of blade leading edge, poor bond 
between- tubes and shell, eind vibration. 
Test terminated. Blade 6 was in excellent 
condition except that the nickel coating 
was gone from leading and trailing edges 
and oxidation was starting. 


£l 

All blades were nickel coated. 







TABLE IV - SUMMARY OF CONSTAMT -SPEED ENDURANCE INVESTIGATION OH IMPROVED BLADE CONFIGURATION 
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A portion of tlade 14 extending approximately 3/4 in. 
from the tip and 3/4 in. from the leading edge "broke 
away from the pressure surface. Blade 12 was in good 
condition except for some oxidation at leading edge aj 
the coating had scaled off in some areas. 


















TABLE V - SUMMARY OF ENGIME OPERATING CONDITIONS AND TEMPERATURE -DIFFERENCE RATIOS FOR BLADE 12 AT 
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(a) Formed-shell blade with profile A. 



(b) Formed-shell blade with profile B. 



C. 29180 


Figure 1, - Coinparison of cross- sect ions of tube-filled blades with formed and cast shells. 


NACA EM E52B13 



Blade 

shell 


-Copper "braze 
between tubes 
«ni! shell 


0.156 In. O.D. 
by 0.015 in. 
wall or 0.125 In. 
O.D. by 0.0125 in. 
wall steel tube^ 


-Eutectic 16 
fillet 


■ Nicrobraze 
between 
shell and 
base 


I Blade base 


Section AA 


Figure 2. - Construction details of typical formed- shell blade 
utilizing brazed shell- to-base attachment. 





NACA EM E52B13 



33 



Figure 3. - Location of thermocouples relative to areas showing good brazing between tubes and shell on blade 12. 
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Figiire 5. - Blades 3 and 4 without fillet at Junction of shell and base after 3 hours of rated-speed endurance test. 
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Figure 7. - Blade 14 after a total of 51^ hours of rated-speed endurance test. Failure 
caused by vibration and erosion in area where there was poor brazing between tubes 
and shell. 
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2 

Figure 9. - Blade 9 after 107 cycles (26^ hours at rated speed) of eye lie -endurance test 

at coolant -flow ratio of 0.03. Failure was caused by vibration, erosion, and poor braze 
between! tubes and shell. 


Temperature 


MCA EM E52B13 


.NACA^ 


Formed-shell blade 
Cast -shell blade 


Effective gas 
ten 5 )erature 


Pressure surface 

4001 I — 1 L_ 

0 20 40 60 

Leading 

edge 


Suction surface 


80 100 80 
Trailing 
edge 

Blade chord, percent 


40 20 0 

Leading 
edge 


Figure 10. - Comparison of chordwise temperature distribution 
for cast-shell blade (reference l) and formed-shell blade 12, 
Gas flow, 60.6 pounds per second (engine speed approximately 
10,000 rpm); coolant-flow ratio, 0.029; cooling-air teii 5 )er- 
at\ire at blade root, 133^ F. 
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Figure 11. - Blade 12 temperature distributions for three 
coolant-flow ratios at rated engine speed of 11,500 rpm. 
Cooling -air ten^jerature , 180° F. 
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Figure 13. - Allowable stress distributions' for blade 12 
for three coolant-flow ratios at rated engine speed. 
Effective gas temperature, 1450^ F; cooling-air tempera- 
ture, 1800 F; blade material, SAE 4130 steel. 
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Figure 14, - Predicted temperature distributions for blade 12 
with cooling air bled from compressor at rated engine speed. 
Cooling-air temperature, 450^ F. 
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